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The objective of research presented in this thesis is to design a novel 193 nm photoresist system 
based on the photo-Fries rearrangement of a formyloxyphenyl functional group. In pursuit of this goal, the 
synthesis of acrylic and norbornenyl-based polymer systems was carried out.  In addition, studies of 
contrast curves, sensitivity, and developed images were conducted. In this research, 4-hydroxystyrene, 
formyloxystyrene, poly(formyloxystyrene-co-methylmethacrylate/methacrylic acid), poly(norbornene-co-
hexafluoromethylisopropyl alcohol), norbornenylphenylacetate and norbornenylphenylformate were 
synthesized. 
The formyloxystyrene (FOxS) functional group absorbs strongly at 193 nm. However, by limiting 
the amount of FOxS in an acrylic or norbornenyl copolymer, resist systems with sufficient transparency at 
193 nm can possibly be realized. Methylmethacrylate (MMA) and methacrylic acid (MAA) are well 
known as transparent resist components in base-developable, 193 nm, acrylic systems. In acrylic systems, 
MAA can bring the resist to the threshold for base solubility; and MMA or other acrylic monomers such 
as admantylmethacrylate serve as the transparent polar component of the resist.  The latter monomer, 
adamantylmethacrylate, can increase the etch resistance of the resist system.  Imaging results show that 
the acrylic system with formyloxystyrene functional groups has the potential to be the basis for a non-
chemically amplified 193 nm photoresist. Today, chemically amplified resist systems derived from 
norbornenyl hexafluoromethylisopropyl alcohol are the benchmark materials for etch-resistance and 
transparency at 193 nm.  In the present research, attempts were made to design and synthesize etch-
resistant norbornene/norbornenylhexafluoromethylisopropyl alcohol/norbornenylphenylformate 
copolymers in which norbornenylphenylformate is the photo-sensitive resist component, and norbornenyl 
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The word "lithography" refers to photolithography, a micro-fabrication technique used to 
make integrated circuits (IC) and micro-electromechanical systems, although the latter 
techniques have more in common with etching than with lithography
 [1]
. The dictionary definition 
of lithography is “…the art or process of producing a picture, writing, or the like, on a flat, 
specially prepared stone, ….”.  In the case of the semiconductor industry, our stones are silicon 
wafers and our images are written by high-energy lasers in a light-sensitive polymer called 
photoresist. To complete the complex structures that make up a transistor and many electric wires 
that connect the millions of transistor of a circuit, photolithography and etch pattern transfer steps 
are typically repeated 25 to 40 times to make one circuit. Each pattern printed on the wafer is 
aligned to the previously formed patterns and the conductors, insulators and selectively doped 
regions are sequentially built up to form the final device. 
Lithography processing 
Optical lithography is basically a photochemical reaction by a designed light-sensitive 
polymer called photoresist which has been coated on a silicon wafer, exposed and developed to 
form 3D relief images 
[1]
. An ideal photoresist image should have the exact shape of the designed 
or intended pattern in the plane of the wafer, with vertical walls though the thickness of the resist. 
Thus, the final resist pattern should be binary: some parts are covered with resist while other 
parts are completely uncovered after development. The resist area will protect wafer from 
etching step, ion implantation and other pattern transfer processes. 
There are two kinds of photoresists, positive and negative. For positive resists, the exposure 
area will be soluble in developer and the unexposed area will stay on the wafer. The sense of the 
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negative resist is opposite with the exposed area becoming insoluble in the developer. Most resist 
materials are positive but negative resists are also important in specific applications. 
The typical procedural steps for optical lithography are the following: substrate preparation, 
photoresist spin coating, pre-exposure bake, exposure, post-exposure bake, development, and, 
etching. Metrology and inspection followed by removing the resist are the final steps in the 
lithographic process which results in the creation of a pattern, in the underlying wafer layer. This 




Figure 1: A typical sequence of lithographic processing steps illustrated for a positive resist 
[2]
 
Evolution of the photolithographic process 
The photoresist may be the dominate component of modern photolithographic technology; 








In Figure 2, the evolution of photolithography over the past 40 years is shown 
[3]
. On the 
first slope, the development of exposure systems used in photolithography is displayed. From 
1970s to 2010, exposure systems have evolved from UV and visible light contact printing to 
short wavelength laser exposure. On the second slope, the evolution of photoresist materials from 
cyclized rubber to bis-azides to DNQ-Novolac and chemically amplified resists is shown. These 
changes in photoresist materials take place in concert with changes in exposure systems shown 
on the first slope. On the third slope, the evolution from organic solvent to aqueous base 
development with tetramethylammonium hydroxide (TMAH) is shown. The fourth slope shows 
the change in functionality of resists that allowed for aqueous development and transparency at 
193 nm.  There are three milestones in the evolution of lithography. (1) The transition from 
contact printing to g-line (436 nm) and i-line (365 nm) and the use of DNQ-Novolac resist 
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systems. (2) The transition to 248 nm associated with the advent of chemically amplified resists; 
and, (3) the transition to 193 nm which was coupled to the creation of transparent chemically 
amplified acrylic and norbornenyl resists. Each milestone required a change in the nature of 
photoresist material, its wavelength response and, sensitivity etc. Relative to these milestones, it 
is important to review the essential features of DNQ-Novolac and chemically amplified resists 
which have been well accepted and widely used in the photolithography industry over the last 40 
years. 
DNQ-Novolac resist 
The positive resist composed of diazonaphthoquinone (DNQ) and a phenolic Novolac resin 
was the major driving force for advances in semiconductor fabrication during 1980s and 1990s 
[3]
. 
DNQ/Novolac resists are sensitive between the exposure wavelengths of g-line (468 nm) and i-
line (365 nm) and their resolution is limited by the wavelength of the light used to expose the 
resist.  The photochemical sensitivity is based on the Wolff rearrangement. The Wolff 
rearrangement is a reaction converting an α-diazo-ketone into a ketene and it was first reported 
by Ludwig Wolff in 1912 
[4]










In the reaction, N2 is extruded from the starting azo compound to generate an intermediate 
carbene that rearranges to a ketene that subsequently reacts with water to from a carboxylic acid 
functional group.   
In 1942, Sus proposed that DNQ undergoes the Wolff rearrangement reaction to give 1-
indenecarboxylic acid. This proposal was later corrected to 3-indenecarboxlic acid by Packansky 
and Lyerla 
[5]
. The change which accompanies solubilization in the photochemical reaction of a 
DNQ-Novolac blend is shown in Figure 4.  
 
 
Figure 4: Photolysis process in a DNQ-Novolac resist system 
 
 
Because of its high contrast, good resolution, and, relatively high sensitivity; the DNQ-
Novolac system was widely accepted as the major resist polymer system in early 1980s when g-
line and i-line were the primary lithography wavelengths and feature size was limited  to 300nm. 
The Novolac resin itself, whose structure is shown in Figure 4, is soluble in aqueous base. But 
after compounding with DNQ derivatives, its solubility in base decreases significantly due H-
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bonding between the phenolic hydroxyl group and the carbonyl group of the diazoquinone. After 
light exposure, and Wolf rearrangement, DNQ is converted to an indene carboxylic acid 
derivative that is not strongly H-bonded to the phenolic polymer and is very soluble in aqueous 
base. The disadvantage for the DNQ-Novolac resist is that it is too highly absorbing at 248 nm.  
Chemically amplified Photoresists (CARs) 
Although the DNQ-Novolac resist systems were efficient, high resolution resists in i-line 
photolithography, their absorbance was too high for 248 nm exposure systems. Accordingly, it 
was necessary to find new photoresists that were suitable for shorter wavelengths. Chemically 
amplified resists based on phenolic polymers whose hydroxyl groups were blocked with an acid 
labile protecting group were the breakthrough. These photoresists were comprised of a photo 
acid generator (PAG) that produces acid upon exposure to radiation and a resist polymer bearing 
acid labile groups that are readily cleaved by photogenerated acid. In these systems, a single 
photon can initiate a chain of chemical reactions in which cleavage of the protecting group 
regenerates acid that can induce the cleavage of another protected phenolic group, thereby 
imparting significant gain to the photochemical process that causes the exposed area of the film 
to become soluble in aqueous base. One example of a 248 nm chemically amplified resist is 











Upon exposure, the PAG generates a proton that catalyzes cleavage of the protecting group and 
transforms the polymer from an insoluble to a soluble state. Figure 6.1 shows how a 
diaryliodonium PAGs works to generate a protic acid in a Chemically Amplified Resist. 
 
Figure 6.1:  Acid generation by a diaryliodonium PAG 
 
Figure 6.2 illustrates the acid-catalyzed cleavage of the t-butoxy protecting goup in a t-boc-







Figure 6.2: Acid-catalyzed cleavage of the t-butoxy protecting group  
 
Chemically amplified resists (CARs) are well suited for lithographic manufacturing processes. 
One of the most significant advantages is its high sensitivity. The dose to clear is usually <10 
mJ/cm
2
. One photo acid generator molecule can catalyze the cleavage of a multiplicity of 
protected functional groups. Relatively high resolution and commercial availability are additional 
advantages for chemically amplified resists. 
The resolution of chemically amplified resists becomes limited in imaging patterns with 
features below 100 nm. At these dimensions, the resolution starts to be impacted by the diffusion 
of the acid generated by the PAG in chemically amplified resist. Accordingly, it has been 
proposed that to realize sub-32 nm lithography one might trade off the increased power of 
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modern lasers to allow for the use of lower sensitivity of non-chemically amplified resist options 
[7]
. 
Current research at RIT 
At RIT, research has been centered on the development of alternatives to chemically 
amplified 193 nm photoresist materials that will be able to achieve the requirements associated 
with sub 32 nm device technologies. The particular platforms that have been explored include 
dissolution inhibitor photoresist systems 
[8]
, chain scissioning polymers 
[8]
 and photoresist 
systems based on polymers incorporating formyloxyphenyl functional groups. The present 
research details the results of work done in the latter system. 
In 1985, Frechet et al. published a paper in which the photo-Fries reaction in poly(p-
formyloxystyrene) was photochemically decarbonylated to yield poly(hydroxystyrene) 
[7]
. In this 
paper, the synthesis and photolithographic imaging characteristics of poly(formyloxystyrene) and 
related polymers were investigated. Absorbance characteristics, contrast curves and images were 
disclosed and discussed. Poly(formyloxystyrene) was shown to give clean, high resolution 
images. The developer was a mixture of isopropyl alcohol (IPA), ammonium and distilled water 
and the developed images are shown below in Figure 7. Poly(formyloxystyrene) was thus 
demonstrated to be an excellent direct photocleavage resist for 248 nm lithography. 
 





However, due to its high absorbance at shorter wavelength, poly(formyloxystyrene) is not 
an acceptable resist for 193 nm lithography. 
Experimental 
Materials 
Methanol, acetone, ethyl acetate, diethyl ether, isopropanol, formic acid, 99+%; acetic anhydride, 
99+%; N, N-dimethyl-4-nitrosoaniline, 99%; and, sodium borohydride, 98%, granules, ca 3 mm 
were purchased from Acros Organics.  Tetrahydrofuran, 99%; hexane, 97%; 4-acetoxystyrene, 
96% inhibited with 200-300 ppm MEHQ; methylmethacrylate, 99%, stabilized; methacrylic acid, 
99%, inhibited with 250 ppm MEHQ; norbornene, 99%; and, 2, 2’-azobisisobutyronitrile, 98% 
(recrystallized in methanol) were purchased from Sigma-Aldrich. Pyridine was purchased from 
DriSolv

. Dicyclopentadiene, stabilized with BHT, CAS 77-73-6, was obtained from TCI 
America. Hexafluoroisopropanol norbornene was a gift from Halocarbon Inc. Unless specifically 
noted, all chemicals and reagents were used as received, without further purification. 
Instrumentation 
Proton NMR data was collected using a Brucker 300 MHz spectrometer; all samples were 
dissolved in chloroform-d (Aldrich, 99.8 atom % D, 0.05% v/v TMS) or in THF-d. FTIR 
spectroscopic data was gathered on a Shimadzu IR Prestige-21 spectrometer. UV-spectroscopy 
data was collected on a Perkin Elmer Lambda 11 UV/VIS spectrometer. 
Molar mass was evaluated with a Hewlett Packard Agilent 1100 series GPC eluting over 
xxx linear Styragel columns. 
Films were prepared by spin coating with a Brewer Science Model 100 Series CEE spin 
coater. Film thickness was measured with a Woollam Model UR 80 VASE. 
Pattern exposure was carried out with a193 nm exposure from a line-narrowed Lambda 





4-Hydroxystyrene: Acid-catalyzed hydrolysis 
 
Figure  8: Acid hydrolysis of acetoxystyrene  
 
4-Acetoxystyrene (26.5 g, 0.164 mol) was added to a 250 ml three neck round bottom flask, 
immersed in an ice bath and equipped with a magnetic stirrer, addition funnel and reflux 
condenser. After cooling over a period of about 5 minutes, methanol (79.5g, 2.49 mol), 
36.8%~38% HCl, (2.15g, 0.0589 mol) was slowly added. The solution was allowed to warm to 
ambient temperature and was stirred at room temperature for 20 hours. The solution was then 
neutralized with 10% NH4OH and methanol was removed in vacuo to reduce the volume to 50 
ml. Additional methanol (100 ml) was incorporated into the reaction mixture and solvent,  
methanol, NH4Cl,  and H2O and were removed on a rotary evaporator to yield the product, 
hydroxystyrene as a syrupy liquid. 
 
4-Hydorxystyrene: Base-catalyzed hydrolysis 
 




4-Acetoxystyrene (16.2 g, 0.1 mol) and N,N-dimethyl-4-nitrosoaniline (0.015 g) were 
added to a 250 ml three neck round bottom flask equipped with a magnetic stirring bar, addition 
funnel and reflux condenser. The flask was immersed in an ice bath. After cooling for about 30 
minutes, potassium hydroxide (13.8 g, 0.25 mol), dissolved in distilled water (140 g, 7.78 mol) 
was slowly added. The reaction mixture was stirred for about 3 hours at which time it became 
homogeneous. The reaction mixture was then allowed to warm to room temperature while 
purging with CO2 to neutralize the base and bring the pH close to 7. The solution was then 
extracted with ethyl acetate, and anhydrous magnesium sulfate was added to the organic layer in 
order to remove water from product. Ethyl acetate was removed in vacuo on a rotary evaporator 
to yield the product hydroxystyrene, 7.68 g (64%).  
 
Formyloxystyrene: Esterification of 4-hydroxystyrene 
 
Figure 10: Formylation of hydroxystyrene  
 
4-acetoxystyrene (26.5 g, 0.16 mol) was added to a 500 ml three neck round bottom flask 
equipped with magnetic stirring bar, addition funnel and reflux condenser. The flask was 
immersed in an ice bath and potassium hydroxide (27.5 g, 0.49 mol) in distilled water (278.97g, 
15.5 mol) and N,N-dimethyl-4-nitrosoaniline (0.025 g) were added following the same procedure 
described above for the base-catalyzed hydrolysis of acetoxystyrene.  In this reaction, the 
reaction mixture was purged with air and, instead of using ethylacetate; the solution was 
extracted with diethyl ether. After workup, the hydroxystyrene solution was transferred into 250 
ml round bottom flask equipped with reflux condenser and addition funnel. The reaction mixture 
was immersed in an ice bath and was purged with N2. A mixture of formic acid (37.6g, 0.82 mol) 
and acetic anhydride (83.4 g, 0.82 mol) was cooled to 0°C and slowly added to the 
hydroxystyrene solution at a rate slow enough to keep the solution at 0 °C. The reaction mixture 
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was then allowed to warm to room temperature and was stirred for 3 days. Upon removal of 




Figure 11: Polymerization of MMA and MAA 
 
A series of methylmethacrylate/methacrylic acid free radical polymerizations were carried 
out with methacrylic acid content, ranging from 10 to 30 mol%. 6.00 g of methylmethacrylate 
and methacrylic acid and 0.1 g of initiator, AIBN, were added in the specified molar ratios to a 
100 ml polymerization bottle. 54 ml of ethyl acetate and 6 ml of isopropyl alcohol were added 
and the reaction mixture was purged with N2 for about 30 minutes to remove the O2 and capped.  
The polymerization bottles were immersed in a hot water bath and at 65 °C and allowed to 
polymerize over a period of 16 hours. The conversion of the reaction ranged from 60% to 70 % 
and the molecular weight, polydispersity were evaluated by GPC.  
 
Poly(formyloxy styrene-co-methyl methacrylate and methacrylic acid) 
 
Figure 12: Polymerization of FOxS, MMA and MAA 
 
Poly(formyloxy styrene-co-methylmethacrylate and methacrylic acid) terpolymers were 
synthesized with formyloxystyrene content ranging from 5 to 15 mol%. The polymerization 
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procedure was analogous to that describe above for the synthesis of MMA-MAA copolymers. 
Formyloxystyrene, methylmethacrylate and methacrylic acid were thus mixed in the prescribed 
ratio and transferred into a 100 ml polymerization bottles. 0.1 g of AIBN as the initiator, 54 ml of 
ethyl acetate and 6 ml of isopropyl alcohol as the solvent were added the various solutions and 
the reaction mixtures were purged with N2 to remove the O2 and sealed. The bottles were 
immersed in a hot water bath at 65 °C and polymerized for 16 hours. Molecular weight was 




Figure 13: Palladium catalyzed copolymerization of norbornene and 
norbornenylhexafluoromethylisopropyl alcohol 
 
Two palladium catalyzed polymerizations were carried out in accordance with the 
following: Ally palladium chloride, silver tetrafluoroborate and chlorobenzene (10 ml) were 
added to a 25 ml flat-bottomed flask, stirred for 30 minutes, and syringe filtered to obtain a clear 
catalyst solution. In another 25 ml flat-bottomed flask, designed ratio of norbornene, norbornenyl 
hexafluoroisopropyl alcohol and chlorobenzene (10 ml) were combined and stirred at room 
temperature. The two solutions were mixed and allowed to polymerize for 20 hours at which 
time the reaction was terminated by dilution with tetrahydrofuran and addition of sodium 
borohydride.  The quenched reaction mixture was stirred for about 3 hours to reduce Pd ions to 
Pd particles which were removed in small Buchner funnel packed with diatomaceous earth-filter.  
The purified polymer solution was precipitated in distilled water. 
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Attempted preparation of Norbornenylphenylformate 
 
Figure 14: Synthesis of norbornenylphenylformate. 
 
4-acetoxystyrene (5.3 g, 32.7 mmol), dicyclopentadiene (21.6 g, 163.4 mmol), N,N-
dimethyl-4-nitrosoaniline (0.01 g) and 4-tert-butylcatechol (0.27 g, 1.6 mmol) were charged to a 
100 ml round bottom flask,  equipped with magnetic stirring bar and reflux condenser.  The 
reaction mixture was purged with N2 and stirred at 185 °C about 2 hours. At this time, the 
reaction mixture was, cooled to ambient temperature; 26 ml of a 5% NaOH solution was added 
and the reaction mixture was stirred until homogeneous, 16 hours. HCl was added to neutralize 
the reaction mixture prior to extraction with diethyl ether. The ether layer was dried with 
anhydrous magnesium sulfate, filtered, and removed in vacuo on a rotary evaporator to yield 3.17 
g (52%) of viscous oil. Subsequent analysis showed that this product is a mixture of the desired 
product (norbornenyl phenol), norbornenyl phenyl acetate and dicyclopentadiene that could not 




Results and discussions 
The objective of the present research is to synthesize a direct scission, aqueous developable, 
non-chemically amplified resist whose sensitivity at 193 nm is ≤ 250 mJ/cm
2
. Based on the 
previous work of Frechet et al., the formyloxyphenyl functional group was chosen as the direct 
photocleavage moiety. The focus of this research is to design a resist with a formyloxyphenyl 
functional group level low enough to have an absorbance less than 6 per µm at 193 nm. 
In order to achieve these goals, the following tasks have been pursued. (1) Design a resist 
polymer, primarily composed of methylmethacrylate residues, which is substantially transparent. 
(2) Incorporate enough methacrylic acid to set the threshold of solubility in aqueous NaOH. (3) 




Base solubility threshold for acrylic system 
In order to determine how much methacrylic acid (MAA) is required to bring a methyl 
methacrylate (MMA) copolymer to the point of base solubility, a series of copolymers with 
increasing MAA content was synthesized. Copolymers containing methylmethacrylate (MMA) 
and methacrylic acid (MAA) were thus synthesized which ostensibly incorporated 10, 15, 25 and 
30 mol% MAA, respectively. AIBN was used as the free radical initiator and a mixture of ethyl 
acetate and isopropyl alcohol was the solvent. Polymerizations were carried out in sealed tubes at 
65°C for about 16 hours and copolymers were isolated by precipitation from methanol. For each 
copolymer, molecular weight and polydispersity were evaluated by GPC. Base solubility was 
evaluated by casting thin films on glass slides and immersion of these films in 5% aqueous 
NaOH. Table 1 shows the results.  
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Table 1: GPC analysis and base solubility of MMA/MAA copolymers 
 (MMA:MAA) 
Charge Ratio n
M  wM  Polydispersity 
Solubility in 5% 
NaOH 
(90:10) 33K 69K 2.1 Insoluble 
(85:15) 15K 36K 2.4 Slowly dissolves
*
 
(75:25) 41K 96K 2.3 Readily soluble
¥
 




From the tests of solubility, it was found that the copolymer containing10 mol% MAA is 
not soluble in 5% aqueous NaOH; the copolymer containing 15 mol% MAA slowly dissolves in 
5% aqueous NaOH; and, the copolymer containing 25 and 30 mol% are readily soluble in 5% 
aqueous NaOH. Accordingly, 10 mol% MMA was chosen as the target level of MAA in our 
acrylic resist system. At the same time, the solubility test indicated that 15 mol% or more of a 
base soluble functional group is needed to achieve base solubility. Therefore, 5-10 mol% 
formyloxystyrene is chosen as the target level of photo-Fries active functionality in the 
copolymer. 
Numerous values for the reactivity ratio of methyl methacrylate and methacrylic acid have 
been reported in the literature with r1 values for methyl methacrylate ranging from 0.8 to 0.3 
and r2 values for methacrylic acid ranging from 0.3 to 0.6.  Given that these values are <1, 
these monomers preferentially add to each other and it is expected that the composition in the 
monomer feed will be closely reflected in the copolymers 
[9], [10], [11]
.   
Formyloxy styrene level 
In our research design, formyloxystyrene was chosen as the photo-functional group that 
would enhance base solubility upon exposure to 193 nm radiation. As noted in the introduction, 
the monomer was used by Frechet et al. in the preparation of a non-chemically amplified resist 
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for 248 nm lithography 
[7]
. The monomer however, is not commercially available. The synthesis 
of formyloxystyrene was thus a critical step in our process of synthesizing our desired photo-
cleavage polymer. Formyloxystyrene (FoxS) was prepared by a procedure analogous to that 
reported by Frechet et al. As described in detail in the Experimental Section; the procedure 
entailed the hydrolysis of commercially available acetoxystyrene followed by its formylation 
with formic acid in acetic anhydride. The progress of the esterification was monitored by the 
disappearance of the phenolic hydroxyl peak at 3200 cm
-1
 and the appearance of the formate 
ester carboxyl peak at 1720 cm
-1
. 
The structure of the monomer was confirmed by the 
1
H NMR. The spectrum predicted 
from ChemDraw and measured in the present research is shown below in Figure 15 and Figure 
16, respectively: 
 
Figure 15: ChemDraw simulated 
1






H NMR spectrum of formyloxystyrene 
 
Synthesis of formyloxystyrene 
 
Figure 17: Hydrolysis and formylation of acetoxystyrene. 
 
Frechet et al. prepared p-formyloxystyrene by formylating p-hydroxystyrene with formic 
acid and acetic anhydride in accordance with the procedure published by Stevens and Van Es 
[12], 
[13]
. The monomer, p-hydroxystyrene was obtained by hydrolysis of the reaction mixture of the 





The synthesis of formyloxystyrene in our research was accomplished by starting with 
commercially available, 4-acetoxystyrene. Both acid-catalyzed and base-catalyzed pathways for 
the hydrolysis were explored.  Acid catalysis was tried first.  Following a procedure published in 
a 1996 U. S. Patent, hydrolysis was carried out over a period of about 20 hrs at 0 C in a mixture 
of HCl and methanol. 
[14]
. Details of procedure are described in the Experimental Section. The 
problem with the acid catalyzed hydrolysis is that, at low pH, acid-catalyzed polymerization of 
hydroxystyrene apparently occurs, even when kept at 0°C. 
The first time that base-catalyzed hydrolysis was attempted using cold aqueous KOH was 
not successful. Only when the process was carried out in strict accordance to the procedure 
published in 1958 by Corson et al., neutralizing the base by “blowing down” with CO2, were we 
able to obtain a reasonable yield of p-hydroxystyrene. 
[15]
, N,N-dimethyl-4-nitrosoaniline was 
used as the free radical inhibitor and the reaction mixture was purged with O2 during the reaction. 
With inhibitor and air purging, higher concentrations of aqueous KOH were used to reduce the 
time required for the hydrolysis reaction. Ethyl acetate and diethyl ether were both used to 
extract hydroxystyrene from the hydrolysis reaction mixture. The infra-red spectrum of 
hydroxystyrene obtained by base-catalyzed hydrolysis of acetoxystyrene is shown in Figure 18.  
Using diethyl ether, however, allows the formylation reaction to be conducted without removal 




Figure 18: FTIR spectrum for base catalyzed hydrolysis of acetoxystyrene. 
 
Formylation: Formic acid-acetic anhydride system (F.A.M system) 
Ultimately, the esterification of hydroxystyrene was carried out in accordance with the 
optimized procedure published by Frechet et al 
[7]
. The formic acid-acetic anhydride system 
(F.A.M system) is a common system often used commercially for esterification reactions.  
Equimolar quantities of formic acid, acetic anhydride and hydroxystyrene  in diethyl ether 
were mixed at 0°C and allowed to warm to room temperature. A small amount of pyridine (1 
mol%, calculated on the concentration of pure mixed anhydride) was used as an acyl transfer 
catalyst and the reaction mixture was stirred under a N2 blanket for 3 days. The reaction progress 
was monitored by IR. After the third day, the peak for the phenol functional group at 3200 cm
-1
, 
had disappeared and a peak corresponding to the formate group had appeared at 1720 cm
-1
. The 




Figure 19: FTIR spectrum for acid-catalyzed hydrolysis of acetoxystyrene  
 
Absorbance studies 
Target polymer: Poly(formyloxystyrene-co-methyl methacrylate and methacrylic acid) 
 
Figure 20: Target 193 nm acrylic copolymer 
With the monomer, formyloxystyrene, in hand, a series of terpolymers of formyloxystyrene, 
methyl methacrylate and methacrylic acid containing different levels of formyloxystyrene was 
synthesized for absorbance studies. 
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The procedure employed was analogous to that used for the copolymerization of methyl 
methacrylate and methacrylic acid. Monomer mixtures containing 5 mol%, 10 mol% and 15 mol% 
FOxS were polymerized with MMA and MAA (20 mol%) for absorbance studies. The UV 
spectra essentially reflect the amount of formyloxystyrene incorporated in each of the three 
polymers. Spectra for the three terpolymers are shown in the Figure 21. 
 
Figure 21: Absorbance study for 5, 10, and 15 mol% formyloxystyrene terpolymers 
 
The maximum absorbance for each polymer is: 8.4, 14.1, and, 21.6 for the terpolymers 
ostensibly containing 5, 10 and 15 mol% FoxS, respectively. The data indicates that the 
maximum amount of formyloxystyrene that can be incorporated while at the same time keeping 
the absorbance below 8 per m is in the 5 mol% to 10 mol% range. At the same time, a study of 
solubility in 5% aqueous NaOH indicated that, 20 mol% methacrylate acid is too high to allow 
for discrimination in the solubility of exposed and unexposed polymer films. The target level of 
MAA in the terpolymer was thus reduced to 10 mol%. 







In order to precisely determine how much formyloxystyrene can be incorporate in acrylic 
resist system, an absorbance calculation was done. In carrying out the calculation it was assumed 
that the thickness of polymer film was 100 nm. The procedure is outlined below. 
According to the Beer-Lambert law, A = ε*L*c.  
A=0.6 (unit 1) is the key designed parameter. 
L=100nm which is the thickness of polymer film. 
ε=868 cm2/mol  
From the calculation, the target maximum concentration for formyloxystyrene in the 
terpolymer = 0.069 mol/L.  
As a result of the forgoing UV-Vis and solubility analyses, a terpolymer with a monomer 
charge of, 7 mol% formyloxystyrene and 10 mol% MAA was synthesized for developer studies 
and imaging. The composition of terpolymer is assumed to be the same as the monomer ratio in  
the polymerization recipe. Polymerization details and conditions are described in Experimental 
Section.   
The absorbance of the resultant polymer, Amax , was found to be 3.92 µm
-1 . 
This is below our 
design limit of < 6 µm
-1





Figure 22: Absorbance of 7 mol% formyloxystyrene copolymer containing 10 mol% MAA  
 
Given the determination of the MAA threshold and the maximum molar ratio of 
formyloxystyrene, the MMA terpolymer prepared with a monomer charge of 7 mol% FoxS and 
10 mol% MAA was dissolved in cyclopentanol to make 3%-5% polymer solution and spin-
coated on wafers. The thickness of each film was measured, baked to dry at an appropriate 
temperature and exposed for imaging study. Details of film preparation, drying and exposure are 
presented in the Experimental Section. 
Developer study 
In order to develop high resolution patterns for the 248 nm lithography resist, Frechet, et al. 
used a developer comprised of NH3/H2O and IPA. While this developer apparently worked well 
for the homopolymer of formyloxystyrene it was not suitable for our 193 nm MMA/MAA/FoxS 
terpolymer. The weakly basic NH3/H2O solution was chosen as the developer by Frechet because 
it was sufficiently basic to depronate the phenol group but not basic enough to rapidly hydrolyze 
the formate ester. In acrylic copolymers, the phenyl formate group is proximate to the 
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carboxylate groups from MAA. These carboxylate groups act as general-base catalysts and 
promote the hydrolysis of formate ester functional group in unexposed regions of the 
photopolymer. The result is indiscriminate development of the exposed and unexposed areas. 
This general base catalysis mechanism is shown in Figure 23.  
 
Figure 23: NH4OH catalyzed hydrolysis of formyloxystyrene groups in resist polymer 
 
In regards to the identification of a weakly basic developer whose pH is greater than that of 
aqueous sodium carbonate, 8.3, and less than that of dilute aqueous NaOH, 13.5, the Handbook 
of Chemistry and Physics 
[16]
 reports that a buffer solution of NaOH and KCl would provide a pH 
window between 12 and 13. Following the Handbook of Physics and Chemistry prescription, a 
pH=12.5 buffer solution was formulated and was found to enable dissolution of the imaged area 
of the thin films of 7 mol% formyloxystyrene acrylic copolymers without disturbing the 
unexposed area. To avoid sodium ion content in the developer, the formulation was modified, 
replacing NaOH with a dilute aqueous solution of tetramethylammonium hydroxide (TMAH) 
and KCl with tetramethylammonium chloride (THAC). The ultimate developer employed was 
thus a 2.0 M aqueous solution of TMAH and TMAC. This developer was able to discriminate the 
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image with very low dark loss. In order to get better imaging results in the future, higher 
concentrations of TMAH and TMAC might be evaluated. .  
 
Contrast Curve 
The sensitivity and contrast of a 68 nm film of a (5/85/10) FoxS/MMA/MAA copolymer was 
evaluated.  The pre-exposure bake was 100C for 2 min.  Because of the anomalous dissolution 
characteristics of the film (see Figure 24) a contrast curve mapping the decrease in thickness of 
exposed areas with increasing exposure dose could not be obtained.  An approximate measure of 
the dose to clear was 250 mJ/cm2.  
 





Given the data collected in the effort to create a contrast curve, it is known that exposure 
dose should be ≥ 250 mJ/cm
2
. A 2.0 M mixture of TMAH/TMAC was used to develop the 7 mol% 
formyloxystyrene polymer with a development time of  60 seconds. The dose to clear was 300 
mJ/cm
2
. Imaging results are shown in Figure 25 below.  
          
Figure 25: Imaging result of the 7 mol% formyloxystyrene copolymer 
 
The line pattern is not fully developed. It is possible that a higher concentration developer 
(2.5 mol/L TMAH/TMAC) and longer development times (90 seconds or more) would yield a 
more cleanly developed image.  However, given other critical shortfalls in our FoxS/acrylic resin 
system, work to improve development was not pursued. These shortfalls include: limited etch-
resistance and insufficient sensitivity, (the dose to clear for the 7 mol% acrylic copolymer 
is >300 mJ/cm
2
). This is higher than the design goal of < 250 mJ/cm
2
. Finally, due to its high 
absorbance at 193 nm, the maximum level of formyloxystyrene that can be incorporated in resist 
system is only 7 mol%.  
 
Norbornenyl system 
In order to solve these problems and optimize a non-chemically amplified resist, we turned 
our attention to the norbornenyl polymer system. Norbornenyl resist systems have a high ratio of 
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carbon to hydrogen. In addition, higher amounts of the formyloxyphenyl functional group can be 
incorporated without exceeding our absorbance limit of 8 per m. This would open a larger 
window to photochemically trigger base solubility. The base solubility threshold in the 
norbornenyl system can be set by the concentration of norbornenyl hexafluoroisopropyl alcohol 
functionality in the system.  
Base threshold for norbornenyl system 
In the norbornenyl system, hexafluoroisopropyl alcohol replaces methacrylic acid and 
becomes the crucial component in setting the base solubility threshold. A series of copolymers 
containing norbornene and hexafluoroisopropyl alcohol were synthesized by palladium catalyzed 
polymerization in accordance with the procedure detailed in the Experimental section. For each 
copolymer, molecular weight and polydispersity were evaluated by GPC. Base solubility was 
evaluated by casting thin films on glass slides and immersion of films in 5% aqueous NaOH.  
Table 2 shows the results of the base threshold study for the norbornenyl system. The copolymer 
containing 20 mol% hexafluoroisopropyl alcohol is not soluble in 5% aqueous NaOH. The 
copolymer containing 30 mol% hexafluoroisopropyl alcohol is readily soluble in 5% aqueous 
NaOH. Accordingly, 20 mol% hexafluoroisopropyl alcohol was selected as an appropriate level 
for setting the base solubility threshold in norbornenyl resist system. 
 




Mn Mw Polydispersity 
Soluble in 
5% NaOH 
80/20 2.29 5.82 2.54 insoluble 




Synthesis of norbornenylphenylformate 
In the acrylic system the potential of synthesizing a copolymer containing the formyloxy 
phenyl functional group to trigger base solubility was demonstrated. In order to realize greater 
etch-resistance, we intended to prepare norbornenyl phenyl formate and copolymers therefrom. 
Work to synthesize norbornenyl phenyl formate was not completed however, because the product 
mixture obtain from the Diels-Alder reaction of acetoxystyrene and cyclopentadiene could not be 
separated by fractional distillation or column chromatography. This effort is also detailed in the 
Experimental section. 
Summary and conclusion 
Two photo-resist systems, one derived from a copolymer containing formyloxyphenyl 
groups and one derived from a copolymer containing norbornenylhexafluoroisopropyl alcohol 
groups were explored. The threshold for base solubility in these two systems was determined. 
Formyloxystyrene and norbornenylphenylformate were synthesized and characterized. A photo-
sensitive poly(formyloxy styrene-co-methyl methacrylate/methacrylic acid) resist was 
synthesized and conditions for development of expose images were explored. While, a great deal 
of additional work is required to optimize these systems for use as 193 nm photo-resists, the 





List of Abbreviations 
MMA: Methyl Methacrylate 
MAA: Methacrylic Acid 
FOxS: Formyloxystyrene  
NB: Norbornene  
HFIPA: Hexafluoroisopropyl Alcohol 
F.A.M: Formic Acid-Acetic Anhydride 
TMAH: Tetramethylammonium Hydroxide 
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